The analysis of gene expression by growth plate chondrocytes in vivo has been hampered by the inherent difficulty in performing in situ hybridization on mineralized tissues. The combination of laser capture microdissection and reverse transcription-polymerase chain reaction (RT-PCR) allows analysis of gene expression by cells selectively removed from histologic sections by laser ablation. In order to apply this method to mineralized tissues, a decalcification process is required. The object of this study was to determine the optimal method for tissue decalcification prior to laser capture microdissection RT-PCR that will preserve integrity of the mRNA population. Acetone, 10% formalin, and methacarn were evaluated as fixatives, while Surgipath Decalicifier I, 10% ethylenediaminetetraacetic acid (EDTA), and 20% EDTA were evaluated as decalcifying reagents. Our results demonstrate that the optimal RNA quality was preserved by a decalcification protocol consisting of 20% EDTA for decalcification followed by fixation in methacarn, although this method is also associated with a reduction in RNA quantity. Laboratory Investigation (2006) 
Longitudinal bone growth occurs at the growth plate which contains several different cell populations. 1, 2 The chondrocytes in each defined region have unique morphological features and patterns of gene expression. The analysis of gene expression in growth plate chondrocytes in vivo has been hampered by the inherent difficulty of performing in situ hybridization on mineralized tissues. This difficulty stems in large part from loss of RNA integrity due to the decalcification process required for histological sectioning.
The recent advent of laser capture microdissection (LMD) combined with the highly sensitive polymerase chain reaction technique now makes it possible to study gene expression in a single population of cells in vivo [3] [4] [5] [6] [7] The quality of RNA resulting from the laser capture technique is heavily dependent on the preparation of the tissue section. Most of the current studies employing the LMD technique have been performed on soft tissue sections that were prepared from frozen or paraffinembedded samples. For mineralized tissues, however, a decalcification step is necessary to allow histological sectioning without damage to the tissue specimen in addition to using a proper fixative to preserve tissue morphology.
As both the choice of fixative and decalcifying agent may affect the quality of the RNA in the tissue specimen, the objective of this study was to optimize the fixation and decalcification of mineralized tissue to successfully analyze phenotypically distinct populations of rat growth plate chondrocytes in vivo using laser capture microdissection followed by RT-PCR.
Methods
All standard chemical and reagents were obtained from Fisher Scientific (Pittsburgh, PA, USA). The SuperScript reverse transcription kit and Trizol were purchased from Invitrogen (Carlsbad, CA, USA). Oligo-deoxynucleoride primers were synthesized by Integrated DNA Technologies (Coralville, IA, USA). Real-time PCR primers, TaqMan Universal PCR Master Mix, and the 18s ribosome RNA internal control were purchased from Applied Biosystems (Foster City, CA, USA). A formic acid/formalinbased decalcification solution, Surgipath Decalcifier I, was obtained from Surgipath, Richmond, Illinois, USA.
In order to investigate the effects of tissue fixation and decalcification on LMD-RT-PCR, the results were initially compared to those obtained from frozen sections of neonatal rat femurs, which do not normally require decalcification prior to tissue sectioning. Femurs from 2-day-old Sprague-Dawley (Indianapolis, IN, USA) rats were collected and quickly embedded in OCT and liquid nitrogen and stored at À801C until used. Frozen sections (5 mm thick) were cut on a cryostat and attached to thin foil membrane slides pretreated with poly-L-lysine to improve tissue adherence.
To determine the effects of tissue fixation and decalcification, femurs from 2-day-old or 6-weekold rats were decalcified in 10% EDTA or 20% EDTA in diethyl pyrocarbonate-treated solution for 2 days at 41C using constant agitation. Tissues were then fixed with either acetone or 10% formalin in PBS, overnight and dehydrated with increasing ethanol concentrations, or were fixed with Methacarn.
8 Some 2-day-old and 6-week-old specimens were fixed and decalcified simultanenously in Surgipath Decalcifier I overnight. Tissues fixed in freshly prepared Methacarn (methanol 60%, chloroform 30%, and glacial acetic acid 10%) were incubated at 41C for 1 h followed by dehydration in 100% ethanol for 1 h. After dehydration, all samples were processed in xylene for 2.5 h at room temperature with changes every 30 min. All specimens were transferred into hot paraffin 601C for 1 h for embedding.
All samples (frozen or paraffin-embedded) were cut at 5-7 mm thickness and mounted on poly-Llysine treated foil membrane slides. Before being subjected to laser capture microdissection, slides were dewaxed in xylene for 2 min, stained with hematoxylin for 2 min, rinsed with H 2 O once; and stained with eosin for 10 s. Slides were cleared with 95% ethanol for 30 s, air-dried in a fume hood, and stored at À801C until used. Laser capture microdissection was performed using a Leica CIR MIC system (Leica, Wetzkar, Germany). Approximately 100 cells per section were dissected by laser ablation and collected in diethyl pyrocarbonate-treated H 2 O.
RNA was extracted from LMD samples by the Trizol method (Invitrogen) according to the manufacturer's protocol. The extracted RNA was treated with DNAse I followed by phenol chloroform extraction. The mRNA was reverse transcribed to cDNA (SuperScript, Invitrogen) according to the manufacturer's protocol prior to PCR amplification.
Genes encoding alkaline phosphatase, runt related transcription factor 2 (runx2), bone morphogenetic protein 2 (BMP-2), type II collagen, and osteocalcin were chosen for the gene expression analysis. Conventional PCR conditions were denaturation at 941C for 1 min, annealing at 551C for Negative control PCR reactions were identical to the experimental reactions except that no cDNA template was added. All experiments were repeated at least twice with similar results.
To assess the effect of fixation and decalcification on the quantity of mRNA, TaqMan real time PCR amplification of the parathyroid hormone receptor (PTHR) gene was performed. The assay was carried out on ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The primers and the probe were designed by Primer Express Software version 2.0, (Applied Biosystems). The primers and probe were CCATCCTGGCATCTGTTGTG (forward), TTGGTCTCCCGAAGCTTAG (reverse), TCATCCTCTTTATCAACATCATCCGGGTG (FAM probe).
The ribosomal 18s subunit was used as internal control (Applied Biosystems). The samples were amplified for 40 cycles with denaturation at 951C for 15 s, and annealing/extension at 601C for 1 min. A threshold cycle (C t ) value was measured that reflected the amount of fluorescence generated from the PCR product of the sample. An absolute quantification (AQ) assay was utilized to determine the quantity of RNA in the unknown sample as described by the manufacturer's protocol. A standard curve was generated using a series of known quantities of RNA (0.8-100 ng) for the RT-PCR template and the C t value plotted vs the log of the known quantity of RNA. The amount of RNA in the unknown sample was calculated by interpolating the value from the standard curve. Results are expressed as mean values7s.d.
Results
Our initial in vivo gene expression experiments on growth place chondrocytes were performed on frozen sections of distal femoral growth cartilage of neonatal rats (Figure 1a) . Approximately 100 cells from the proliferative zone and 100 cells from the hypertrophic zone were removed separately by laser capture microdissection. RT-PCR amplification of genes encoding alkaline phosphatase and runx2 was performed on RNA extracted from the microdissected sample and the PCR products visualized on a 1.8% agarose gel (Figure 1b) . The expression of alkaline phosphatase was detected only in hypertrophic zone, while expression of the transcription factor runx2 was detected in hypertrophic zone and as well as in proliferative zone, as previously described by Tchetina et al.
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To determine the effect of tissue fixation on LMD-RT-PCR, three different fixatives (acetone, 10% formalin, and methacarn) were tested on neonatal rat distal femoral growth cartilage and compared to the unfixed frozen tissue sections described above. Figure 2 demonstrates that tissues fixed with acetone or 10% formalin failed to result in successful amplification, however, methacarn-fixed tissue yielded a successful RT-PCR product.
To determine the effect of tissue decalcification on LMD-RT-PCR, 6-week-old rat femurs were either decalcified and fixed simultaneously in Surgipath Decalcifier I solution overnight, or decalcifed for two days in either 10 or 20% EDTA at 41C and then fixed in methacarn. All samples were then embedded in paraffin prior to LMD-RT-PCR. To determine if the order of the decalcification-fixation sequence was critical, some specimens were initially fixed in methacarn and subsequently decalcified in 20% EDTA for 2 days.
Successful LMD-RT-PCR was only observed from specimens decalcified in 10 or 20% EDTA followed by fixation in methacarn (Figure 3a) . No product was visualized from specimens fixed and decalcified in Surgipath Decalcifier I, or from specimens initially fixed with methacarn prior to decalcification in 20% EDTA. In order to determine if these RT-PCR reactions failed because of degradation of the mRNA into fragments that were too short for amplification of the original PCR products, the specimens were retested using a shorter RT-PCR target. Figure 3b demonstrates that even with 42 cycles of PCR, no product was visualized from the specimens treated with Surgipath or methacarn fixation prior to decalcification. To determine if LMD-RT-PCR was affected by shelf-life of the samples, a specimen decalcified in EDTA and fixed in methacarn was tested 1 year after original tissue processing and storage at À801C. This sample also resulted in successful amplification of the RT-PCR product (data not shown).
In order to determine if gene expression could be detected in skeletal tissues other than growth plate cartilage, laser capture microdissection was also performed on articular chondrocytes (Figure 4a) . Expression of the cartilage-specific type II collagen gene was detected in articular chondrocytes but not expression of osteocalcin (Figure 4b) .
We next examined the effect of tissue decalcification on RNA integrity by gel electrophoresis and ethidium bromide staining. The total RNA from neonatal rat distal femoral growth cartilage was collected from either fresh frozen tissue and embedded in OCT, or fixed in methacarn immediately or after decalcification in 20% EDTA solution at 41C for 2 days prior to paraffin embedding. The quality of the RNA extracted from fresh frozen tissues or tissues fixed by methacarn and embedded in paraffin with or without decalcification were comparable (Figure 5a ), while RNA prepared from the tissue that was fixed in methacarn first followed by 2 days of decalcification was degraded (Figure 5b) .
To determine the effect of tissue decalcification on RNA quantity, RNA extracted from paraffinembedded samples with or without decalcification was analyzed by quantitative real-time RT-PCR. Equal numbers of cells were microdissected in both cases. Although all samples resulted in successful amplification, the decalcified sample yielded 70% less PCR product compared to the undecalcified sample (Figure 5c ). The appearance of the decalcified, methacarn-fixed, paraffin-embedded growth plate before and after laser capture microdissection is illustrated in Figure 6 .
Growth plate cells were also dissected from decalcified tissue using standard areas of dissection prior to RNA extraction and real-time RT-PCR. Multiples of the standard areas (2 Â and 4 Â ) were then compared to ascertain whether the PCR product from the 4 Â area would be twice as great as from the 2 Â area as predicted. The results indicate that gene expression was indeed directly proportional to the number (area) of cells dissected within a precision of 15% of the expected value (Figure 7a and b) . 
Discussion
The technique of laser capture microdissection is a powerful tool for analysis of cell function in vivo, and has been performed in conjunction with DNA microarrays, 10 ribonuclease protection assays; 11 and RT-PCR for studies of gene expression, and in conjunction with two-dimensional polyacrylamide gel electrophoresis, 12 chemiluminescent immunoassays, 13 2D-gel electrophoresis, 14 and immunoblotting for analysis of proteins. 15 All of these previously reported studies were performed on soft tissues, most likely because of the difficulties inherent in studying mineralized tissues due to the need for tissue decalcification. Decalcification with acidic solutions in particular predictably results in hydrolysis and degradation of nucleic acids, which results in short RNA and DNA fragments that are often unsuitable for subsequent analysis by RT-PCR or in situ hybridization. An exception to this is a study of neonatal mouse cartilage by Landis et al. 16, 17 Although fresh frozen undecalcified tissue can be sectioned by modifying the cryochamber and using a disposable blade made from special high-grade tungsten carbide, 16 decalcification is often required for optimal histologic detail. Several different decalcifying reagents have been evaluated for compatibility with extraction of DNA for PCR [18] [19] [20] or preservation of RNA for in situ hybridization. 21 The common conclusion of these studies is that Figure 6 Histologic appearance of six week-old rat femur before (upper left panel), and after (lower left panel) laser capture microdissection. Higher power detail of the growth plate chondrocytes is illustrated in the right-panel. The tissue was decalcified in 20% EDTA, fixed in methacarn, and embedded in paraffin. The tissue was cut to a thickness of 7 mm and stained with hematoxylin and eosin for laser capture microdissection.
prolonged decalcification with EDTA concentrations up to 10% for 6 days provided the most optimal preservation of nucleic acids.
To retain high-quality RNA, flash freezing tissue in liquid nitrogen is often recommended, but may be impractical outside of a research facility, and does not provide the degree of morphologic cellular detail necessary for accurate histological evaluation, particularly in complex tissues composed of multiple different cell types. Paraffin embedding of fixed tissue not only provides excellent histologic detail, but also has the advantage of easy handling and storage. Various fixatives and tissue handling protocols have, therefore, been investigated for their compatibility with nucleic acids. [22] [23] [24] Buffered formalin solution is the most commonly used tissue fixative, but results in very poor recovery of RNA due to formation of crosslinks between nucleic acids and proteins, 25 as well as formalin-induced chemical modification of RNA. 26 Fixation with ethanol and methanol-based solutions results in less chemical modification and higher yields of extraction of nucleic acids. Methacarn, a methanol-based fixative, was first reported as compatible with RNA extraction by Puchtler, 8 and has been recommended for analysis of genomic DNA as well. 27 Recently methacarn fixation was shown to result in the highest integrity and amount of RNA compared with other fixatives. 28 In this study we have shown that that laser capture microdissection combined with RT-PCR is a very sensitive and powerful tool. The LMD-RT-PCR technique allows removal of phenotypically distinct populations of chondrocytes from growth plate cartilage, with as few as 100 cells required to analyze gene expression. We have also demonstrated that decalcification of mineralized tissue with high concentrations of EDTA (20%) for two days followed by fixation in methacarn results in optimal RNA preservation for RT-PCR studies. It is interesting to note when the order of the decalcification and fixation steps were reversed, no RT-PCR product could be amplified. We speculate that this may due to an increased length of the time required for complete fixation of mineralized tissue compared to decalcified tissue. In addition, tissue samples prepared in the manner described above can be stored for upward of a year, facilitating follow-up study at a later time using these same tissue blocks.
The conclusions of this study are that choice of fixative and decalcifying agent for the study of mineralized tissues is critical to the success of the LMD-RT-PCR technique, and that decalcification in EDTA followed by fixation in methacarn results in optimal preservation of RNA for RT-PCR studies of gene expression. These findings should facilitate detailed morphologic, spatial and topographic studies of gene expression in mineralized skeletal tissues utilizing the LMD-RT-PCR technique.
